The small intestine comprises several major epithelial cell lineages derived from a stem cell population situated near the base of the crypts of Lieberkühn (1) . Enterocytes represent the largest epithelial cell lineage generated by cell proliferation in the crypts, after which they migrate to the villus tip where the cells are eventually shed into the lumen. In the human small intestine, this process takes approximately 5 d and is associated with terminal cytodifferentiation of these cells (2) . Apical microvillus or brush border enzyme development is an effective marker of enterocyte cytodifferentiation. For example, hydrolases are the most abundant integral membrane proteins of the microvillus apical membrane and are responsible for a number of reactions that are important in the digestion, transport, and absorption of nutrients (3, 4) . These include the terminal digestion of dietary carbohydrates by disaccharidases, and cleavage of peptides and phosphate groups by peptidases and phosphatases, respectively.
Regulation of brush border hydrolase activity has been investigated in a number of different models (4, 5) . These studies have demonstrated that numerous exogenous and physiologic factors, e.g. nutrients, growth factors, and glucocorticosteroids, can exert control over the transcription, translation, and activity of hydrolases along the different regions or cephalocaudal axis of the gastrointestinal tract (6 -8) . Strict control mechanisms also operate locally within intestinal sites that express high levels of hydrolase activity, e.g. disaccharidase expression in duodenum and jejunum (9 -11) . Notably, distinct transcription and translation events are detected along the crypt-villus axis, which confine hydrolase activity largely to the villus compartment where the enterocytes perform their respective digestive and absorptive functions (12) .
Extensive regulation of intestinal brush border hydrolase activity is also associated with the development of the gastrointestinal tract and has served as a useful tool to delineate the functional ontology of the small intestine (5, 13, 14) . For example, rodents display two major phases of functional development. Late in gestation, the first phase is associated with morphologic development of the small intestine. During this time abundant gene expression and translation is found to develop the ability of the tissue to produce hydrolases, e.g. LPH, and other proteins, e.g. intestinal or hepatic fatty acid binding proteins and apolipoproteins, required for the efficient digestion and absorption of milk components during the suckling period (5) . The second maturational phase occurs with the onset of weaning during the third postnatal week. This period is associated with a dramatic increase in the expression of genes required for the digestion and absorption of carbohydrate in solid food, e.g. sucrase-isomaltase, trehalase, maltaseglucoamylase, and the fructose transporter GLUT5 (4, 5) . Coincident with this second maturational phase, hydrolase activity previously required during the suckling period is drastically attenuated, e.g. LPH activity is diminished because of reduced gene expression and protein translation, and increased enzyme turnover (15) .
Gastrointestinal development in humans is profoundly different from that in rodents. Morphologic and functional maturation largely occurs in utero in the absence of the exogenous luminal stimulation of postnatal life (16) . By 4 wk of gestation, the human fetal small intestine is recognized as a simple tube, with villi and crypts appearing by 8 and 10 wk, respectively. By 10 wk of gestation, glucose transport and peptidases are found, with active amino acid transport and hydrolase activity detectable by 12 wk of gestation. By 24 wk of gestation, hydrolase activity is comparable to newborn levels, although complete structural and functional maturity of the small intestine is not evident until after 38 wk of gestation (4, (17) (18) (19) . Developmental studies of late second and third trimester intestinal tissues are severely compromised by the limited availability of such tissues for study. In addition, long-term in vitro studies are not yet feasible using older fetal intestinal tissues. With the increased incidence of premature births and survival of infants as young as 22 to 25 wk of gestation, these preterm infants are prone to developing acute gastrointestinal disease, especially necrotizing enterocolitis. This disorder has been linked to gastrointestinal immaturity, in which it has been suggested that the bowel is prone to infection, and demonstrates accentuated mucosal immune reactions to the commensal gut microflora (20) . It is therefore important to develop suitable in vivo model systems to examine developmental profiles for late-gestational stage human fetal intestine (Ͼ22 wk of gestation) and test whether abnormal mucosal immune responses to bacterial components are associated with tissue immaturity.
Human intestinal xenografts have previously been used to study developmental aspects of human gastrointestinal ontology (21) (22) (23) (24) , and bacterial-induced mucosal inflammation (25) (26) (27) . These studies demonstrated that after 10 wk of xenotransplantation, morphologic development of 13.5-wk gestational age human fetal intestine was profound, and closely resembled pediatric bowel. A degree of functional maturity was also demonstrated as brush border AP activity showed clear proximal-to-distal gradients that were dependent on the region of fetal tissue used for xenografting (23) . Highest levels of AP activity were measured in duodenal and jejunal fetal xenografts, where enzyme activity was comparable to that in pediatric duodenal biopsies. However, AP is differentially regulated when compared with other intestinal epithelial hydrolases during childhood enteropathy (28) and malignancy (29) .
This study therefore investigated whether the developmental induction of AP activity in human fetal jejunal xenografts is also typically found for other hydrolases. In particular, we characterized disaccharidase and peptidase activities as these are important and sensitive markers of intestinal maturity, and are differentially regulated during gestation. We measured the spatio-temporal activity of the disaccharidases LPH and AG, the peptidases APN and DPPIV, and AP in proximal fetal, xenograft, and pediatric small bowel. AP, APN, and AG activities were greatly enhanced during xenograft development, thereby accurately recapitulating the ontogeny for these enzymes in utero. DPPIV levels remained at a relatively constant level in all tissues studied, whereas LPH activity, although showing significant elevation after xenografting of fetal jejunum, never reached values measured in pediatric duodenal biopsies. These studies further demonstrate the feasibility of using murine intestinal xenograft models to critically examine human gastrointestinal development as has been shown in previous studies (21) (22) (23) (24) . Xenotransplantation of human fetal jejunum in scid mice. Human fetal jejunum was obtained from the MRC Tissue Bank, Royal Marsden Hospital, London, U.K. [eight samples; median age, 13.3 wk (range, 10.3-15.9 wk) of gestation, as assessed by crown-rump length] after therapeutic abortion. Procurement and procedures involving xenografting of human fetal tissues into C.B-17 scid mice were performed with full approval from local ethics committees and in accordance with the Home Office guidelines specified in the Polkinghorne Report (29) . Before transplantation, fetal jejunal tissues were washed twice in ice-cold serum-free Dulbecco's Modified Eagle's Medium. Jejunum was taken between 40 and 60% distance from pylorus to ileocecal junction, distal to the ligament of Treitz.
METHODS

Materials
Xenotransplantation of fetal intestinal tissues into scid mice was performed as previously described (23) . Intact segments of 197 DEVELOPMENTAL JEJUNAL HYDROLASE ACTIVITY fetal bowel (2-3 cm lengths) were transplanted s.c. onto the back of 6-to 8-wk-old female and male mice. Scid mice were maintained in negative-pressure isolators supplied with HEPA filters and had access to sterilized food (Labsure, K&K Greef Ltd., Croyden, U.K.) and water ad libitum. Jejunal xenografts were harvested 10 wk after transplantation and were compared with corresponding segments prepared from the same fetal tissue used for surgery. Xenograft tissues were also compared with histologically normal pediatric duodenal biopsies [eight samples; 5F:3M; median age, 34 mo (range, 4 -41 mo)] obtained from routine investigative procedures performed at the Queen Elizabeth Hospital for Children, London, U.K., with fully informed consent and local ethical committee approval. For routine analysis of fetal, xenograft, and pediatric intestinal morphology, tissues were fixed in 10% phosphate-buffered formal saline (pH 7.2) for 24 h and embedded in paraffin wax using routine procedures. Sections (5 m thick) were deparaffinized and stained with hematoxylin and eosin or periodic acid-Schiff stain.
Quantitative enzyme cytochemistry. For cytochemical determination of epithelial brush border enzyme activity, 10-m frozen sections of fetal, pediatric, and xenograft intestine were incubated under initial rate conditions at 37°C, with an appropriate artificial substrate as has been described previously (28, 30 -33) . When preparing assays for AP, APN, and AG, tissue sections were prefixed in formal calcium (pH 6.0), consisting of 1.1% CaCl 2 and 3.8% formaldehyde in deionized water, for 10 min at 4°C before the enzyme reactions (28, 33) . When determining LPH and DPPIV activity, unfixed freshly cut frozen sections were used (28) .
AP activity in intestinal xenografts was measured by the dephosphorylation of 0.5 mM naphthol-AS-BI-phosphate in Tris-HCl buffer (pH 8.3), coupled to the dye Fast Blue B. AP activity produced a blue-purple precipitate on the brush borders of villi (Fig. 1, A-C) , after a 90-s incubation at 37°C. APN activity in intestinal xenografts was measured by cleavage of 0.7 mM L-alanine-4-methoxy-␤-naphthylamide in 0.1 M sodium acetate buffer (pH 6.5), coupled to the dye Fast Blue B. APN activity produced a reddish blue precipitate on the brush borders of the villi (Fig. 1, D-F) , after a 3.5-min incubation at 37°C. Neutral AG activity, an indicator of sucrase-isomaltase and maltase glucoamylase, as well as lysosomal hydrolases (33), was measured in intestinal xenografts by the cleavage of 6 mM 2-naphthyl-␣-D-glucopyranoside in 0.1 M citratephosphate buffer (pH 6.0), coupled with the dye hexazoniump-rosaniline. AG activity produced an orange-mauve precipitate within the villus epithelium (Fig. 1, G-I ) after a 5-min incubation at 37°C. LPH activity was measured in intestinal xenografts by the cleavage of 1.09 mM 5-bromo-4-chloro-3-indolyl-␤-D-fucopyranoside in 0.1 M citrate-phosphate buffer (pH 6.0) containing 0.05 M potassium ferricyanide and 0.05 M potassium ferrocyanide. LPH activity produced a blue precipitate within the villus epithelium after a 7-min incubation at 37°C (Fig. 1, J-L) . DPPIV activity was measured in intestinal xenografts by the cleavage of 3 mM Gly-Pro-4-methoxy-2-naphthylamine in 0.1 M phosphate buffer (pH 7.5), coupled with the dye Fast Blue B. DPPIV activity produced a bluepurple precipitate within the villus epithelium after a 6-min incubation at 37°C (Fig. 1, M-O) . All enzyme reactions were performed under initial rate conditions as described previously (28) .
Quantitative measurements of enzyme activity were performed on a Leitz MPV-3 microdensitometer (Milton Keynes, Bucks, U.K.), at a final magnification of ϫ400. Sequential absorbance readings at the respective monochromatic wavelengths, i.e. 550, 450, 480, 660, and 480 nm for AP, APN, AG, LPH, and DPPIV, respectively, were taken at 16-m increments along the crypt-villus axis (using a scanning window size of 4 ϫ 4 m), starting from the crypt-villus junction and ending at the villus tip. Values from each incremental position from a minimum of five well-orientated villi were averaged to provide final profiles for enzyme activity. Statistics. Results are presented as the mean Ϯ SEM. Statistical comparisons were made using the Welsh test to account for unpooled variance, and the nonparametric Mann-Whitney U test for ranks using MINITAB statistical software (Minitab Inc., State College, PA, U.S.A.). Differences with a p Ͻ 0.05 were considered significant.
RESULTS
Human fetal intestinal xenografts (derived from 13.5-wk gestational age tissues) regenerated to form a highly developed mucosa after ectopic transplantation into scid mice. As we have described previously (23, 24) , this mucosa was lined with terminally differentiated enterocytes that possessed a highly developed glycocalyx, apical zonula occludens, and brush border membrane with uniform microvilli. Although the xenografts formed a differentiated mucosa, these showed a degree of morphologic variability within individual grafts, which primarily involved uneven villus height in the samples analyzed. Therefore, to 1) quantify subtle spatio-temporal alterations in brush enzyme activity along the crypt-villus axis, and 2) exclude the inherent problems of measuring mucosal enzyme activities in tissues with grossly different morphologies, i.e. fetal versus xenograft versus pediatric jejunum, we used a well-described scanning microdensitometric method to quantify epithelial-derived enzyme activities in five morphologically normal crypt-villus units (28, 30 -35) . Typical colored reaction products for fetal, xenograft, and pediatric AP, APN, AG, LPH, and DPPIV activities are shown in Figure 1 .
By using this approach, we corroborated our previous finding that AP activity is significantly induced in fetal jejunum (9.8-fold; p Ͻ 0.001) after xenotransplantation of identical tissues for 10 wk (Fig. 2A) . Xenograft brush border membrane contained a similar level of AP activity as normal pediatric duodenal samples, and showed a similar distribution gradient along the crypt-villus axis (Fig. 3A) . AP activity was at its lowest at the base of pediatric villi and increased as cells migrated toward the mid-villus area where it reached a plateau. In xenograft villi, AP activity was higher at the base where it increased rapidly toward the mid-villus area and then declined toward the villus tip. The highly differentiated state of these cells is probably related to the slower epithelial proliferation and cell migration rates recorded in xenograft small bowel (24, 27) . Induction of enzyme activity along the crypt-villus axis is partly dependent on epithelial migration rates (36) .
Relatively low enzyme activities were also detected for APN (Fig. 2B) and AG (Fig. 2C) in pretransplanted fetal tissues, with little or no enzyme activity being detectable for LPH (Fig.  2D) . All enzyme activities, apart from DPPIV (Fig. 2E) , were significantly elevated in jejunal xenografts by 10 wk after transplantation. Mean levels of APN activity and distribution along the crypt-villus axis in xenografts and pediatric samples followed a similar pattern to that seen for AP (Fig. 3B) . Both sets demonstrated a similar gradient of activity, reaching a maximal level just below the mid-villus area and declining toward the tips of the villi. APN activity along the brush border membrane of pretransplanted fetal intestine was higher than that for AP activity and probably reflects the earlier appearance of this enzyme during human intestinal ontogenesis (12, 13) .
AG represents a family of enzymes that includes sucraseisomaltase and maltase glucoamylase, as well as lysosomal hydrolases, that are essential for the breakdown of glycogen, sucrase, maltose, isomaltose, and trehalase (32) . AG levels in jejunal xenografts and in normal pediatric duodenum were very similar both in terms of activity and distribution gradient along the crypt-villus axis (Fig. 3C) . Levels of AG activity in fetal samples were approximately 18% of those in either pediatric or xenograft samples. LPH activity was also significantly induced in fetal jejunal samples after xenografting. Activity was barely detectable in fetal jejunum. Although this showed a 5.6-fold elevation after xenografting, this value was still significantly lower than values recorded in pediatric samples (22.6-fold increase). A similar distribution gradient was observed for LPH activity in xenograft and pediatric samples, with a gradual increase in activity toward the mid-villus region followed by a sharp diminution toward the villus tip (Fig. 3D) . DPPIV ac- Mean group values were calculated from a range of 560 -1200 individual incremental absorbance readings measured along the crypt-villus axis as shown in Figure 3 . 199 DEVELOPMENTAL JEJUNAL HYDROLASE ACTIVITY tivity was fairly uniformly expressed in fetal, xenograft, and pediatric tissues (Fig. 2E) , and was detected in fetal jejunum as early as 10.3 wk of gestation (Fig. 1M) . Although its expression increased after transplantation, this was not significantly different from that recorded in fetal tissues. DPPIV activity tapered off slightly toward the villus tip (Fig. 3E) .
DISCUSSION
A major aim of this study was to assess the suitability of human intestinal xenografts to accurately recapitulate human gastrointestinal development during the late second and third trimester (24) . Little information is currently available regarding gastrointestinal ontogeny and function during this developmental stage, and establishing a suitable "humanized" animal model will not only allow critical evaluation of diseases associated with immaturity, such as necrotizing enterocolitis, but may also provide a suitable tool to test novel forms of prevention or therapy at a preclinical level. Using a panel of five epithelial hydrolases that are switched on at different stages during ontogeny, we measured their developmental expression profiles in jejunal xenografts and compared these to pediatric enzyme levels measured in duodenal biopsies.
Quantitative cytochemistry permitted the determination of enzyme activity profiles along the length of the crypt-villus axis without disrupting the spatial relationships of the migrating enterocytes. This approach therefore provides a clearer understanding of how these cells adjust their program of development to adapt to changes in their immediate microenvironment. Such adaptation may involve different combinations of several events, including a shortening of the time needed to begin expressing brush border hydrolases, an increase in the rate at which the hydrolases are expressed, and an extension of the time during which net appearances of these hydrolases can be seen to increase. Using this approach we demonstrated 1) appropriate spatio-temporal regulation of enzyme activity along the xenograft crypt-villus axis, and 2) levels of enzyme activity in xenografts that were comparable to pediatric bowel.
These results therefore demonstrate that after 10 wk of transplantation, early gestational age fetal intestine (13.5 wk) has the capacity to develop brush border enzyme activities that are significantly higher than in pretransplanted intestinal tissues and that probably reflect activities encountered during late second or third trimester as enzyme activities may develop to pediatric levels in utero (4, 5) . Minor differences were observed with LPH activity. Although this was significantly increased in xenograft as compared with pretransplanted fetal bowel, these were significantly lower than values measured for pediatric biopsies. A number of reasons could explain these findings, for example, the age of the pretransplanted tissue is too young to develop significant LPH activity, or the grafting duration is too short (equivalent to approximately 24 wk of gestation) to develop significant expression as LPH activity is markedly induced during the second half of the third trimester (4, 13, 28, 37) . Another possible explanation could be that LPH activity is significantly suppressed in xenografts because of enhanced local immune reactions. Previous studies have demonstrated that LPH activity is significantly and differentially reduced in sites of enhanced local immune activity, i.e. Peyer's patches (35) , or during immunopathology of the small bowel (28) . DPPIV activity was expressed at fairly uniform levels in all three types of tissue examined and served as a suitable control as this enzyme is uniformly expressed after 10 wk of gestation.
Although this represents the first study to describe in detail the development of brush border enzyme activity in human intestinal xenografts, the concept of using ectopic grafts to study gastrointestinal enzyme ontogeny is not a novel one. A number of studies have demonstrated the feasibility for ectopic grafting of gastrointestinal tissues into adult recipient hosts, although these have primarily used syngeneic rodent tissues (38 -41) . Transplanted intestine rapidly vascularizes and grows into a characteristic tissue that retains an ability to express appropriate brush border enzyme levels, e.g. lactase, sucrase, and maltase, and to absorb nutrients, e.g. glucose, glycine, and oleic acid. Ferguson et al. (38) isografted embryonic d 19 fetal mouse jejunum under the kidney capsule of adult CBA mice and demonstrated that the developmental changes in brush border lactase and sucrase activity that occur normally during weaning in the third postnatal week were accurately recapitulated in the isografts. This led to the concept that one or more timing mechanisms are intrinsic to the intestinal mucosa, thereby providing a spatial and temporal "memory," enabling appropriate tissue development in the absence of luminal signals and systemic hormones encountered during late gestation and the early postnatal period. These findings were later confirmed in rats, and a regional distribution in sucrase activity was identified along the tract of fetal isografts (39 -41) . Importantly, parallel findings have demonstrated that fetal tissue becomes committed to late expression before the invagination of mesenchymal components that provide instructive information to the endoderm (42) . These early graft findings also demonstrated that maltase and AP develop normally, but LPH expression is down-regulated in fetal isografts (36) , as we have demonstrated in the present work for human xenografts. The importance of these experiments lies in their ability to distinguish locally programed changes in enterocyte cytodifferentiation from those arising from changes in the hormonal status or food intake of suckled animals.
It is generally accepted that enterocyte cytodifferentiation takes place earlier during fetal development in human as compared with rat intestine, and that in the latter, expression of sucrase is largely controlled through an intrinsic timing mechanism. The present work demonstrates that maturation of human intestinal epithelial hydrolase activity is also triggered by intrinsic timing mechanisms of the intestinal mucosa. Apart from AP being one of the first enzymes to appear in both human and rat intestine, there is little further correlation in the ontogeny of hydrolase activity. It may be concluded from these comparisons that time-controlled expression of some and possibly all human intestinal hydrolases occurs during development (4, 37, 42) , but that more work is needed to test the generality of this statement. For example, in addition to time, other factors may be required to complete developmental programs for enzymes such as LPH in the human preterm infant. High surges of glucocorticoids have the ability to elicit precocious maturation in a number of experimental animal models (5, 43) . Signals derived from luminal amniotic fluid may also contribute to the development of enzyme activities in utero (44) , possibly mediated by specific growth factors. Organ culture studies of human fetal intestine in defined tissue culture medium have demonstrated differential effects of hydrocortisone, insulin, and epidermal growth factor in regulating hydrolase expression, apolipoprotein and lipoprotein secretion, and cellular proliferation (45) (46) (47) (48) (49) . However, the implication of these important findings to tissue development in utero are somewhat limited by the current inability to perform long-term in vitro experiments on late-gestational fetal intestine. These pathways may now be tested in vivo using the intestinal xenograft model as the grafts form a continuous lumen that allows inoculation with bioactive molecules via s.c. injection (50) .
In summary, human intestinal xenografts show an appropriate spatio-temporal induction of epithelial hydrolase activity (with the possible exception of LPH) after xenografting fetal intestine and may therefore represent a useful in vivo system to model preterm human gastrointestinal development and function.
